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I discuss the theoretical motivations for R-parity violation, review the experimen- 
tal bounds and outline the main changes in collider phenomenology compared to 
conserved R-parity. I briefly comment on the effects of R-parity violation on cos- 
mology. 



1 Introduction 

Until recently. R-parity violation (J/tp) has been considered an unlikely com- 
ponent of the supersymmetric extension of the Standard Model (SM). In the 
past two years, it has motivated potentially favoured solutions to experimen- 
tally observed discrepancies (e.g. Rb, R c , ALEPH four-jet events, HERA high 
Q 2 excess). It is the purpose of this chapter to present ft p as an equally well 
motivated supersymmetric extension of the SM and provide an introductory 
guide. I start out with the definition of R p and the most serious problem 
of proton decay Then I discuss the various motivations for ft p , contrasting 
them with the i? p -conserving MSSM. Afterwards, I give an overview of the 
phenomenology of ft p . I finish with a discussion on cosmological effects. 

2 What is R-parity? 

R-parity (Rp) is a discrete multiplicative symmetry. It can be written as0 

R p = (_1)3B+™ (1) 

Here B denotes the baryon number, L the lepton number and S the spin of a 
particle. The electron has R p = +1 and the selectron has R p = — 1. In fact, 
for all superfields of .the supersymmetric SM, the SM field has R p = +1 and 
its superpartner haslsl R p = — 1. R p is conserved in the MSSM, superpartners 
can only be produced in pairs (all initial states at colliders are R p even) and 
the LSP is stable. When extending the SM with supersymmetry one doubles 
the particle content to accomodate the superpartners and adds an additional 
Higgs doublet superfield. The minimal symmetries required to construct the 



a In general symmetries for which the anticommuting parameters, 9, transform non-trivially 
(and thus superpartners diffcrcntl*j)narc denoted R-symmetries. They can be discrete (R p ), 
global continuous, or even gaugedp'Q. R-symmetries can be broken without supersymmetry 
being broken. 
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Lagrangian are the gauge symmetry of the SM: Gsm = SU(3) C x SU(2)l X 
U(1)y and supersymmetry (including Lorentz invariance). The most general 
superpotential with these symmetries and this particle content (cf. Ch. 1) isu 

W = W MSS M + W np , (2) 
Wmssm = h^L i HiE j +h%Q i HiD j + Kt j Q i H i U j +nHiH i , (3) 



1. . . = . „ ^ 1 
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-A,,;. /.,/., /•.;, + \' ijh I. ,(),!), + -\'l ]k U,D 3 D k + KiLiH 2 . (4) 



i,j = 1,2,3 are generation indices and a summation is implied. Li (Qi) are 
the lepton (quark) SU(2)l doublet superfields. Ej (Dj,Uj) are the electron 
(down- and up-quark) SU(2)l singlet superfields. A, A', and A" are Yukawa 
couplings. The k% are dimensionful mass parameters. The SU(2)l and SU(3)c 
indices have been suppressed. When including them we see that the first term 
in Wftj, is anti-symmetric in and the third term is anti-symmetric in 

{j, k}. Therefore i ^ j in LiLjE k and j ^ k in UiDjD k . Eq.(Q) thus contains 
9 + 27 + 9 + 3 = 48 new terms beyond those of the MSSM. 

The last term in Eq.(|j), £ii?2, mixes the lepton and the Higgs superfields. 
In supersymmetry Li and Hi have the same gauge and Lorentz quantum num- 
bers and we can redefine them by a rotation in (Hi, Li). The terms KiLiH 2 
can then be rotated to zero in the superpotential a. If the corresponding soft 
supersymmetry breaking parameters Bi are aligned with the Ki they are si- 
multaneously rotated awayu'u. However, the alignment of the superpotential 
terms with the soft breaking terms is not stable under the renormalization 
group equations 13. Assuming an alignment at the jollification scale, the result- 
ing effects are smallQ except for neutrino masses 011 The effects can be further 
suppressed by a horizontal symmetry. Throughout the rest of this Chapter, I 
will assume the LiH 2 terms have been rotated away B 

W np = A,,», /.,/.,/•.'/, + X'^LiQjDk + X'^UiDjDk. (5) 
Expanding for example the LLE term into the Yukawa couplings yields 

£lle = Ayfc [*>144 + 444 + (4)*(4) c 4 - (t «-» j)] + h.c. (6) 

The tilde denotes the scalar fermion superpartners. These terms thus violate 
lepton-number. The LQD terms also violate lepton number and the UDD 
terms violate baryon number. The entire superpotential (||) violates R p . 



b The ambiguity on bounds due to rotations in (Li, Hi) space has been discussed ml 
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Figure 1: (a) Proton decay via U1D1D2 and L1Q1D2, (b) Tau decay via two LiL^E^ 
insertions, (c) Neutralino decay via LiQiD±. 



3 Proton Decay and Discrete Symmetries 

The combination of lepton- and baryon-number violating operators in the La- 
grangian can possibly lead to rapid proton decay. For example the two oper- 
ators LiQiDk and \J\D\Dk (k 7^ 1) can contribute to proton decay via the 
interaction shown in Figure la. On dimensional grounds we estimate 

T(P - e+*°) « Ml roton . (7) 

m dk 

Here a(X) = A 2 /(4tt). Given thatB t(P — > en) > 10 32 yr, we obtain 

For a more detailed calculation see0. This bound is so strict that the only 
natural explanation is for at least one of the couplings to be zero. Thus the 
simplest supersymmetric extension of the SM is excluded: an extra symmetry 
is required to protect the proton. 

In the MSSM, R p is imposed by hand. This forbids all the terms in Wft p 
and thus protects the proton. An alternative discrete symmetry with the same 
physical result is matter parity 

(Li, E it Qi, Ui, A) — * ~(Li, Ei, Qi, Ui, A) f (Hi, H 2 ) - (H u H 2 ). (9) 

This forbids all terms with an odd power of matter fields and thus forbids all 
the terms in Wy> p . However, there are other solutions, which protect the proton 
equally well. If baryon number is conserved the proton can not decay. Thus 
forbidding just the interactions UiDjDk is sufficient. This can be achieved by 
baryon-parity 

(Qi,Ui,Di)^-(Qi,Ui,Di), (Li,Ei,Hi,H 2 )^ (Li,Ei,Hx,H 2 ). (10) 
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This symmetry thus protects the proton but allows for ft p via the LiLjEk 
and LiQjDk operators. If only the the interactions UiDjDk are allowed and 
the proton is lighter than the LSP the proton is stable as well. This can be 
achieved by lepton parity 

(Li, Ei) — > —{Li, Ei), {Qi,Ui,D i ,H 1 ,H 2 )^(Qi,Ui,D i ,H 1 ,H 2 ). (11) 

Baryon-parity and lepton parity are two possible solutions to maintain a stable 
proton and allow-ipr Ifc p . There is a large number of discrete symmetries which 
can achieve this E3. 



4 Motivation 

The symmetries discussed in the previous section were all imposed ad hoc 
with no deeper motivation than to ensure the stability of the proton. On this 
purely phenomenological level there is no reason to prefer the models with 
conserved R p versus those with R p . However, this is not a satisfactory view 
of the weak-scale picture. Hopefully, the correct structure will emerge from a 
simpler theory at a higher energy predicting either i? p -conservation or R p . 

Grand Unified Theories: In GUTs quarks and leptons are typically in 
common multiplets and thus have the same quantum numbers. The discrete 
symmetries protecting the proton and resulting in ]/L p typically treat quarks 
and leptons differently and thus seem incomipa.tibla.with a GUT. All the same, 
several GUT models have been constructedErll3llil't3 which have low-energy R p . 
This is typically achieved by non-renormalisable GUT scale operators involving 
Higgs fields. These operators become renormalisable ^-operators after the 
GUT symmetry has been bjcaken. Such-models have been constructed for the 
GUT gauge groups SU(5)OB, 50(10) M, and SU(S) x 17(1) taki They have 
been constructed such that the only set of low-energy operators is LLE or 
LQD, or UDD, respectively. There is thus no problem with proton decay. 
In order to ensure that only the required set of non-renormalisable operators 
are allowed, additional symmetries are required beyond the GUT gauge group. 
This is true for both i? p -conservation and R p . Thus from a grand unified point 
of view there is no preference for either i? p -conservation or R p . 

String Theory: In string theories unification can be achieved without a 
simple gauge group. There is thus no difficulty in having distinct quantum 
numbers for quarks and lepton suDerfields. Indeed i? p -conserving and R p string 
theories have been constructed E3. At present, there does not seem to be a 
preference at the string level for either of the two. 

In both string theory and in GUTs, there is no generic prediction for 
the size of the $ p - Yukawa couplings. This is analogous to the fermion mass 
problem. 
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Discrete Gauge Symmetries: There has been a further attack on this prob- 
lem from a slightly different angle. If a discrete symmetry is a remnant of a 
broken gauge symmetry it is called a discrete gauge symmetry. It has been 
argued that quantum gravity effects maximally violate all discrete symmetries 
unless they are discrete gauge symmetries EJ. The condition that the under- 
lying gauge symmetry be anomaly-free can be translated into conditions on 
the discrete symmetry. A systematic analysis of all Zn symmetries E3 has 
been performed. The result was that only two symmetries were discrete gauge 
anomaly-free: R p and baryon-parity ( |To| ) . Baryon-parity was slightly favoured 
since in addijtipn it prohibited dimension-5 protoripdecay operators. It has since 
been shown t3 that the non- linear constraints in La are model dependent thus 
possibly allowing an even larger set of discrete symmetries. 

Given the quantum gravity argument it is more appealing to determine 
the low-energy structure directly from gauge symmetries instead of discrete 
symmetries. This can possibly even be connected with the fermion-mass or 
flavour problem. This is an on-going held of research and it is too early to 
draw any cqaclusions. I just point out that gauged models with R p have been 
constructed cm. 

In conclusion, from the theoretical understanding of unification, there is 
no clear preference between R p and R p . In light of the very distinct phe- 
nomenology which we discuss below, it is thus mandatory to experimentally 
search for both possibilities. i? p -conservation and R p have the same minimal 
particle content. They also in principle have the same kind of symmetries, as 
we have just argued: G$m plus an additional symmetry to protect the proton. 
They should thus both be considered as different versions of the MSSM. We 
shall denote the R p conserving version of the MSSM as i? p -MSSM and the 
i?p-violating version as ^? P -MSSM. 



5 Indirect Bounds 

The R p interactions can contribute to various (low^energy) processes through 
the virtual exchange of supersymmetric particles E3. To date, all data are in 
good agreement with the SM. This leads directly to bounds on the R p opera- 
tors. When determining such limits one must make some simplifying assump- 
tions due to the large number of operators. In the following, we shall assume 
that one R p operator at a time is dominant while the others are negligible. We 
thus do not include the sometimes very strict bounds on products of opera- 
tors, for example from fi —* ejcH. This is an important assumption but not 
unreasonable. It holds for the SM for example, where the top quark Yukawa 
coupling is almost a factor 40 larger than the bottom Yukawa coupling. Since 
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Table 1: Strictest bounds on ftp Yukawa couplings for fa = 100 GeV. The physical processes 
from which they are obtained are summarized in the main text. 



wc do not know the origins of Yukawa couplings, we do not know whether this 
is a generic feature. ._. 

Before presenting the complete bounds, I shall discuss one example E3 to 
show how such bounds can be obtained. The operator L\L^Ek can contribute 
to the decay r — > evv via the diagram in Figure lb. For large slepton masses, 
7Ti(ep), this interaction is described by an effective 4-fermion Lagrangian (after 
Fierz re-ordering) 
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£eff = l -^t(e L l^eL)(PrL7 tl T L ). (12) 

This has the same structure as the term in the effective SM Lagrangian and 
thus leads to an apparent shift in the Fermi constant for tau decays. Consider- 
ing the ratio R T = T(r — >£i/D)/T(r — > fj,vv), the contribution from ft p relative 
to the SM contribution 



IS 



R T = Rr(SM) 



1 + 2 Mk(l^hL) 

g 2 \m 2 (e k R )J 



(13) 



Using the experimental valueEl R T /R T (SM) = 1.0006 ± 0.0103 we obtain the 
bounds 

ra(gfl) 



|A - |<0 -°Uw^J' fc=1 ' 2 ' 3, (14) 

which are given in Table 1. The strictest bounds on the remaining operators 
are also summarized in Table 1. 

The bounds in Table 1 are obtainetL-Erom the following physical pro- 
cesses: ( Q ) charged current universality E3I13, ^ T(t — > evv)/T(r — > \ivv) 
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( d ) neutrinoless doubledoe 
, (/) D° - D° mixing EB 
eP)/r(7r -> /xP)E3, W BR(1 



de- 

(9) 



B0, (g) bound on the mass of v e 
cayt3n3, ^ atomic paritsuyiolation 

Rt = T had (z°)/r e (z°)MH 
40+ - 



(/=) 

BR(t — > 7T^ r )E3E3, W heavy nucleon decayliil, and ( m ) n — n oscillations t^0. 

The bounds are all given for m = 100 GeV and they become weaker with 
increasing fh. They each depend on a specific scalar mass and have various 
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For X'm the dependence can be on either 



^ (15) 

or mu Lk . The bound in Table 1 
is given for m(</) = 1 TeV\ For A' 132 , A' 22fc , A 23fc , A 31fe , and A 32fc one must consult 
the appropriate references since the dependence is only given numerically. The 
bounds on A" 12 113 from heavy nucleon decay and n — n oscillations have very 
strong mass dependences til. 

I have updated the previous bounds from charged current univcxsalityt 
from lepton-universality t3 and from Q Ri using more recent dataE3c3. Fp 
the bound from the electron neutrino mass I have used the upper bounc 
m„ c < 5 ,eV. The PDG number is 10 — lSeyEll and is very conservative!: 
The bound on A from m Ve scales with the square root of the upper bound on 
xa^ . For the bound from atomic parity violation I have used the theory value 
" : Qw ~ ~ 73.17±0.13. The error includes the variations due to tha,unknown 
Higgs mass. I have also used the recent new experimental numbered. For the 
bound from D° — Z) _mixing, I have updated the bound froraKI to include a 
lattice calculation ofE3 Bo and a more updated value of /rilM I have also 
included a 10% error to account for the quenched approximation. The bounds 
denoted by t are 2a bounds, the other bounds are at the 1 sigma level. The 
.hounds denoted by are not direct experimental bounds. They are obtained 
r 8 !! 11 ! from the requirement that the _|? p -coupling remains within the unitarity 
bound up to the grand unified scale of 10 16 GeV. This need not be the case. 

The bounds denoted by * are based on a further assumption about the 
absolute mixing in the (SM) quark sector. As stated before, we do not know the 
physical origin of Yukawa couplings or superpotential terms. It is a reasonable 



C I thank Gautam Bhattacharyya for providing me with updates on the bounds resulting 
from Rt. 
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(but not necessary) assumption that their structure is determined by some 
symmetry at an energy scale well above the electroweak scale, e.g. the GUT or 
the Planck scale. We would expect this symmetry to be in terms of the weak 
current eigenstates. Such a symmetry could then give us a single dominant 
operator, for example 

-E-iQi-Di = \' in (-e L u L d R + v eL d L d R ■ ■ •)■ (16) 

Below the electroweak scale the quarks become massive and we must rotate 
them to their mass eigenstate basis. (The squarks must separately also be 
rotated by a different rotation but that is not relevant to these bounds.) In 
( |l6| ) there are then separate rotations: g?l — > T>ijdj L and mj, — > U\jU^ L which 
generate extra ljt p terms suppressed by mixing anglesl23. 

For the quarks we do not know the absolute mixing of the down-quark 
sector, T>ij, or of the up-quark sector Uij and thus do not know by how much 
to rotate the up- and down-quark current eigenstates. The relative mixing 
of these two sectors is given by the CKM-matrixLL3 of the SM. If we assume 
the relative rotation is solely due to an absolute mixing in the up-quark sector 
(Dij = 1) the best bounds are those given in Table 1. Those denoted by * are 
specifically based on this mixing assumption. If however the relative mixing is 
solely due to absolute mixing in the down-quark sector (Uij — 1) the D°-D° 
mixing bounds no longer apply. There are then significantly stricter bounds 
on many couplings from measurements of K + — > n + vv decays E2I 

X' ijk < 0.012, (90%CL), j^3. (17) 

For Table 1 we have adopted the conservative estimate that the mixing is 
solely due to the up-quark sector since we do_not know the absolute mixing. 
We therefore did not include the bounds (|l7|).El 

6 Changes to i? p -MSSM 

On the Lagrangian level the only change to the i? p -MSSM is the inclusion of the 
operators in Wyt which give new lepton- and baryon number violating Yukawa 
couplings. There are several changes in the phenomenology of supersymmetry 
due to these couplings E£l. 

1. Lepton- or baryon number is violated as discussed in Sect. 5. 

d There is a possible loop-hole. The symmetry at the high energy scale could just produce 
such a combination of couplings that is rotated to one single dominant coupling at low 
energy. After all, it is possibly the same symmetry which produces the single dominant 
quark Yukawa coupling in the SM. However, I do not adopt this philosophy here. 
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2. The LSP is not stable and can decay in the detector. It is no longer 
a dark matter candidate. 

3. The neutralino is not necessarily the LSP. 

4. The single production of supersymmetric particles is possible. 

2. If for example the neutralino is the LSP and the dominant ft p operator 
Q2-D1 it can decay as shown in Figure lc. For LSP= 7 the decay rate is 



3oA x ' 



'2 M 5 



r ^ " < 18 > 



The decay occurs in the detector if cj^t^) ~ 1 m, or 



100 GeV 



5/2 



A' m > 1.4 .lO-^^aooGevj [~^- ) ■ W 

where 7l is the Lorentz boost factor. This is well below the bound of Table 
1. Recall also for comparison, that in the SM Yukawa couplings can be very 
small: for the electron h e — 3- 10~ 6 . We have presented these numerical results 
for a photino for simplicity and clarity. The full analysis with a neutralino LSP 
has been performed incicJ. It involves several subtleties due to the i? p -MSSM 
parameter space which can have significant effects on the lifetime. Due to 
the LSP decay, supersymmetry with broken R p has no natural dark matter 
candidate. 

3. In the i? p -MSSM the stable LSP must be charge and colour neutral for 
cosmological reasons (cf. Chapter 15). In the $ P -MSSM there is na preference 
for the nature of the unstable LSP. It can be any of the following □ 

LSP e {x°i,Xi,9,qAli>}. (20) 

In each case the collider phenomenology can be quite distinct. 

4. In the ^? p -MSSM there are resonant and non-resonant single particle 
production mechanisms. The resonant production mechanisms are 

(21) 
(22) 
(23) 
(24) 
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LiQjDk. 



e The stop is listed separately since it has a special theoretical motivation Q and leads to 
quite distinct phenomenology given that the top quark is so heavy. 
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LiQjD k , (25) 
UiDjDk, (26) 
UiDjDk (27) 

These processes can be realized at e + e~-colliders, at HERA, and at hadron col- 
liders, respectively. There are many further t-channel single sparticle produc- 
tion processes. For example at an e + e~-collidcr, we can have e + + e~ — ► Xi + Vj 
via t-channel selectron exchange. The t-channel exchange of squarks (sleptacs) 
can also contribute to qq (££) pair production, leading to indirect bounds cB. 

7 Collider Phenomenology 

The supersymmetric signals for J/t p will be a combination of supersymmetric 
production and decay to R p even final states. Supersymmetric particles can 
be produced in pairs via MSSM gauge couplings or singly as in (|2l])-(|27]). The 
former benefits from large couplings while being kinematically restricted to 
masses < \fs/2. The latter case has double the kinematic reach but suffers 
from typically small Yukawa couplings. Combining the various production 
modes with the decays and the different dominant operators leads to a wide 
range of potential signals to search for. Instead of systematically listing them 
I shall focus on two examples. Throughout we shall assume a neutralino LSP. 

7.1 Squark Pair Production at the Tevatron 

Squark pair production at the Tevatron proceeds via the known gauge cou- 
plings of the i? p -MSSM 

qq, gg-+ q + q- (28) 

In once produced the squarks decay to an R p even final state. Let us 
consider a dominant LiLjEk operator. The couplings \jk are bounded to be 
smaller than gauge couplings. Thus we expect the squarks to cascade decay 
to LSPs as in the MSSM. The LSPs in turn will then decay via the operator 
LiLjEk to two charged leptons and a neutrino each (c/. Figure lc). If each 
squark decays directly to the LSP (assuming it is the second lightest) 

qq, gg^q + q^qq + XlXl -> <Z9 + l + n + rw. (29) 

We therefore have a multi-lepton signal which is detectable @. To date it has 
not been searched for with ft p in mind. However, before the top quark discovery 
there was a bound from CDF on a di-lepton production cross section. Making 
corresponding cuts and with some simple assumptions this can be translated 
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il,2<3l,2-Dfc, 
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175 GeV 



Table 2: Squark mass bounds from the Tevatron for various dominant ^-operators 45 . 

into a bounc _on the rate of the process ( p9| ) and thus a lower bound on the 
squark masse!! The assumptions are: (i) BR(q — > 7*7) = 100%, (rriq < mg), 
(ii) LSP= 7 with My = 30 GeV, (iii) A, A' satisfy the bound @. For various 
dominant operators the bounds are given in Table 2. No attempt was made 
to consider final state r's due to lack of data. These bounds are comparable 
to the -Rp-MSSM squark mass bounds. Since, the theoretical analysis has 



been improved to a 
the operator UDD 
performed. 



DpLfor neutralino LSPs, more involved cascade decays and 
J'cZJ. However, to date no experimental analysis has been 



7.2 Resonant Squark Production at HERA 

e possibility to test the operators LiQjDk via resonant squark 
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We have included what are most likely the dominant decay modes. The neu- 
tralino and chargino will decay as in Figure lc 
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(32) 



The neutralino can decay to the electron or positron since it is a Majorana 
fermion. We are thus left with several distinct decay topologies, (i) If the 
squark is the LSP it will decay to e + + q or v e + q (dk). The first looks just 
like neutral current DIS, except that for XBj ~ m 2 (q)/s it results in a flat 
distribution in y e whereas NC-DIS gives a 1/yl distribution. The latter looks 
just like CC-DIS. (wlJfJfche gauginos are lighter than the squark the gaugino 
decay will dominate c3 0. The clearest signal is a high pt electron which is 
essentially background free. The high pt positron or the missing px of the 
neutrino can also be searched for. 

All five signals have been searched for by the HI collaboration EUl in the 
1994 e+ data (£ = 2.83 pb^ 1 ). The observations were in excellent agreement 



f HERA has accumulated most of its data as a positron proton collider. 
9 The gaugino decay* 
neutralino couplings [ 



9 The gaugino decays-qpnld be suppressed by phase space or by partial cancellations of the 
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Table 3: Exclusion upper limits at 95% CL on X' ljk for rh(g) = 150 GeV and fh(Xi) = 4 GeV 
for two different dominant admixtures of the neutralino. 
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with the SM. The resulting bounds on the couplings are summarized in Table 
3. After rescaling the bounds of Table 1 we see that the direct search is an 
improvement for A' 121 , A' 131 , and A' 132 . Jn the more recent data, an excess 
has been observed in high Q 2 NC-DIS EJ. If this persists it can possibly be 




preted as the resonant production of a squark via an LiQjD^ operator 



8 Cosmology 

8.1 Bounds from GUT-Scale Baryogenesis 

There is a very strict bound on all ft p Yukawa couplings assuming the presently 
observed mattepasymmetry was created above the electroweak scale, e.g. at 
the GUT-scaleca which I briefly recount. Assume that at the GUT scale a 
baryon- and lepton-asymmetry was created with possibly both B + L =/= and 
B — L 0. The electroweak sector of the SM (and MSSM) has baryon-number 
and lepton- number violating "sphaleron" interactions which conserve B—L but 
violate B + L. These are in equilibrium above the electroweak phase transition 
and they thus erase the B + component of the matter asymmetry. 

Consider now adding one additional ft p operator, e.g. UDD which violates 
baryon number. If it is in thermal equilibrium during an epoch after the GUT 
epoch and together with the sphaleron-interactions then together they will 
erase the entire matter asymmetry. In order to avoid this scenario the ft p 
interactions should not lic_in_thcrmal equilibrium above the electroweak scale 
resulting in the bounds EjLjlj 

A^'^'^S-IO-^) 172 . (33) 

It should be clear that the argument holds for LLE or LQD operators as well 
if lepton flavour is universal o. This is an extremely strict bound on all the 
couplings. If it is valid then ft p is irrelevant for collider physics and can only 
have cosmological effects. 

There are two important loop-holes in this argument. The first and most 
obvious one is that the matter genesis occurred at the electroweak scale or 
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below E3. The second loop-hole has to do_sp±k_the inclusion of all the sym- 
metries and conserved quantum numbers HiLDH. The electroweak sphaleron 
interactions do not just conserve B — L. They conserve the three quantum 
numbers B/3 — Li, one for each lepton flavour. These can also be written as 
B — L and two independent combinations of Li — Lj. First, again consider an 
additional UDD operator. If the matter genesis at the GUT scale is asymmet- 
ric in the lepton flavours, (i, — Lj)\m gut ^ 0, then this lepton-asymmetry is 
untouched by the sphalerons and by the AB ^ operators UDD operators. 
The baryon asymmetry is however erased. Below the electroweak scale, the 
lepton-asymmetry is partially converted into a baryon-asymmetry via (SM) 
leptonic and supersymmetric mass effects l3. If now instead, we add a lepton- 
number violating operator, we will retain a matter asymmetry as long as one 
lepton flavour remains conserved. In order for L T for example to be conserved, 
all L T violating operators must remain out of thermal equilibrium above the 
elctroweak scale, i.e. satisfy the bound (|3^). From the low-energy point of 
view this is completely consistent with our Ansatz of considering only one 
large dominant coupling at a time. Thus in these simple scenarios the bounds 
( |33| ) are evaded. 

8.2 Long-Lived LSP 

One can consider three distinct ranges for the lifetime of the LSP 

(*) t LS p~HT 8 s, («) 1CT 8 s~t L sp~10 7 t u , (Hi) t lsp > 10 7 r„, (34) 

where r u ~ 10 10 yr is the present age of the universe. We have discussed the 
first case in detail in the previous chapters. The third case is indistinguishable 
from the i? p -MSSM with the LSP being a good dark matter candidate. In the 
second case, the LSP can provide a long-lived relic whose decays can potentially 
lead to observable effects in the universe. There are bounds excluding any such 
relic with lifetimes 

Is < T LS P < 10 1 V (35) 

The lower end of the excluded region is due to the effects of hadron showers 
from LSP decays on the primordial abundances of light nuclei lj. The upper 
bound is from searches for upward going muons in underground detectors which 
can result from v^s in_LSP decaystl Note that even if tlsp > r« the relic 
abundance is so large U that the decay of only a small fraction can lead to 
observable effects. 

h This is for most values of the MSSM parameters, cf. Chapter 15. 
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The above restrictions on decay lifetimes can be immediately applied to 
the case of $ P -MSSM. If we include LSP decays in collider experiments we are 
left with a gap of eight orders of magnitude in lifetimes 10 _8 s < t^sp < Is 
where no observational tests are presently known. It is very important to find 
physical effects which could help to close this gap. Since the lifetime depends 
on the square of the Jl p Yukawa coupling this corresponds to a gap of four 
orders of magnitude in the coupling. For a photino LSP._we can translate the 
above bounds into bounds on the $ p Yukawa couplings O. Using Eq.([l8]) we 
obtain the excluded region for the couplings 

Note that the lower range of these bounds extends well beyond the already 
strict bound from proton decay (||). For a generic neutralino LSP the lifetime 
depends strongly on the MSSM parameters OEJ and the bounds can only be 
transferred with caution. 

9 Outlook 

Once we include the $, p terms in the superpotential we are left with a bewil- 
dering set of possibilities. We have 45 new Yukawa couplings of which any 
could be dominant and we have a set of seven different potential LSPs, each 
possibly leading to quite different phenomenology. This situation requires a 
systematic approach. 

I would here like to suggest a two-fold approach. The theoretically best 
motivated model is one based on universal soft breaking terms at the unifi- 
cation scale ~ 10 16 GeV, completely analogous to the MSSM. To obtain the 
low-energy spectrum one then employs the renormalisation group equations 
including the ^-Yukawa couplings and all the soft breaking terms. This pro- 
gram has yet to be completed E3IEI. However, since most of the ^-Yukawa 
couplings are bounded to be relatively small we expect for large regions in 
parameter space the spectrum of the $ p -MSSM to look just like that of the 
i? p -MSSM . The only difference will be a decaying neutralino LSP. To this 
extent the program has been implemented in SUSYGENEij, the supersymme- 
try Monte Carlo generator for e + e _ -colliders. $ p has_only been implemented 
partially in ISAJET, a generator for hadron collidersEj. 

As a second step, I suggest a systematic listing of potential signal topolo- 
gies which can arise for spectra not obtained in the simple unification approach. 
Any exotic topologies can easily be searched for on a qualitative level. These 
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two approaches combined should ensure that we do not miss any signal for su- 
persymmetry and also do not end up searching vigorously in the ftp-hat every 
time an experimental anomaly appears. 
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